Introduction
============

Because of the ease of silencing target genes, small interfering RNA (siRNA)/short hairpin RNA (shRNA) is currently one of the most commonly used tools for biomedical research, and particular siRNAs/shRNAs are also being explored as therapeutic candidates in a number of diseases. To provide long-term suppression of target genes, siRNA/shRNAs are commonly expressed with pol III promoters partly because of their defined sites for transcription initiation and termination.^[@bib1],[@bib2],[@bib3],[@bib4],[@bib5],[@bib6],[@bib7],[@bib8]^ While the two siRNA strands can be transcribed separately to generate the siRNA duplex,^[@bib3],[@bib4],[@bib6]^ shRNAs are transcribed as a single transcript with a hairpin structure,^[@bib1],[@bib2],[@bib5],[@bib7],[@bib8]^ which is processed by Dicer into siRNA duplexes.^[@bib5],[@bib9]^

Clustered regularly interspaced palindromic repeats (CRISPR)-Cas9 system is a natural mechanism in bacteria and archaea to defend against foreign DNA.^[@bib10],[@bib11]^ The type II prokaryotic CRISPR-Cas9 endonuclease system has been recently applied as a new strategy for targeted genome engineering in which a short chimeric guide RNA (gRNA) guides Cas9 nuclease to edit genomic target sites.^[@bib12],[@bib13],[@bib14],[@bib15],[@bib16],[@bib17],[@bib18],[@bib19],[@bib20]^ Compared with other genome-editing technologies, such as zinc finger nuclease and transcription activator-like effector nuclease, this new technology can be used to edit any genome target site with ease. The Cas9 enzyme being invariant, the only requirement for editing any chosen genomic site is the expression of specific small guide RNAs.^[@bib12],[@bib13],[@bib14],[@bib15],[@bib16],[@bib17],[@bib18],[@bib19],[@bib20]^

Expressing small RNAs with desired sequence is a critical step for both siRNA/shRNA and CRISPR-Cas9 technologies. For siRNA, expressing two small RNAs with the exact designed sequences is critical to ensure loading of the desired strand into the RNA-induced silencing complex and to maintain specificity for the target gene. For shRNA, the 5′ end of shRNA transcripts is also critical, because the transcripts form a stem loop structure that is processed by Dicer, which measures 21 to 22 nt from the 5′ end of the transcript and performs a cleavage to generate the mature siRNA duplex.^[@bib21],[@bib22]^ Even one nucleotide difference at the 5′ end of the transcript will generate a different siRNA duplex. For gRNAs of the CRISPR system, the first \~20-nt sequence of the guide RNA transcript defines the CRISPR target.^[@bib10],[@bib13],[@bib14],[@bib15],[@bib16],[@bib18],[@bib19]^ Thus, precision at the 5′ end of these small RNA transcripts is critical for these technologies to work properly.

RNA pol III promoters, such as U6 and H1, are commonly used to express these small RNAs. It is believed that mouse U6 promoter transcription starts at the +1 position (23 nt after the TATA box), with G as the preferred initiation nucleotide.^[@bib23],[@bib24],[@bib25]^ However, the exact U6 transcription initiation site has not been rigorously studied. Here, we show that the initiation of small RNAs driven by the mouse U6 promoter is often not at the presumed initiation site and is affected by the surrounding sequence. In addition, we found that the transcription initiation site of another commonly used promoter, H1, is generally variable. Thus, variability in the initiation site, which results in imprecision at the 5′ end of small RNA transcripts, might be a common problem. Our study provides general guidelines for using the pol III promoters to express small RNAs accurately.

Results
=======

U6 transcription initiation is not always at the +1 position
------------------------------------------------------------

sh1005 is an shRNA that efficiently targets *CCR5* expression^[@bib26],[@bib27],[@bib28],[@bib29],[@bib30],[@bib31],[@bib32]^ and has been approved for a clinical trial aiming to treat HIV. However, U6-driven shRNAs showed high toxicity when used in T cells.^[@bib27],[@bib33]^ Because miRNA-based shRNA mitigates the toxicity of conventional shRNA and also might have better functionality,^[@bib34],[@bib35]^ we converted its presumed mature sequence (GGUGUAAACUGAGCUUGCUCUU)^[@bib26],[@bib30]^ into miRNA-based shRNAs using pri-miR-30 or pri-miR-150 as backbone (see **Supplementary Figure S1a**). Surprisingly, both miRNA-based shRNAs showed significantly decreased functionality compared with the original sh1005 (see **Supplementary Figure S1b**). To understand how the original sh1005 and sh1005 in the miRNA backbone are processed by the endogenous miRNA machinery and why miRNA-based shRNAs are less efficient, we transfected the constructs into 293FT cells and sequenced the small RNAs. The miRNA-based shRNAs were processed precisely as predicted to generate the presumed mature sh1005 sequence (NCCR5; see **Supplementary Figure S1c**). To our surprise, the predominant mature product generated from sh1005 was UGUAAACUGAGCUUGCUCUUU (termed WCCR5), not its presumed mature sequence GGUGUAAACUGAGCUUGCUCUU (termed NCCR5; **[Figure 1a](#fig1){ref-type="fig"}** and **Supplementary Table S1** and **S2**). To test whether this is the cause of the compromised functionality, we constructed two new miRNA-based shRNAs to express the WCCR5 sequence (see **Supplementary Figure S1d**). The processing of these miRNA-based shRNAs was confirmed by small RNA sequencing, and the results showed that they were processed exactly as predicted (see **Supplementary Figure S1e**). The functionality of these two new miRNA-based shRNAs (WCCR5) was higher than that of the previous miRNA-based shRNAs (NCCR5) and slightly higher than that of sh1005 (**[Figure 1b](#fig1){ref-type="fig"}**). The functionality of shRNAs was further confirmed by luciferase reporter assay (**[Figure 1c](#fig1){ref-type="fig"}**). These data show that the presumptive mature siRNA sequence according to the current conception can be significantly in error, and knowing the exact small RNA products generated from shRNAs is critical for designing optimal miRNA-based shRNAs.

It has been shown that, unlike the 3′ end of mature products of shRNA that is subject to extensive modification after its biogenesis, the 5′ end of mature products is generally protected from modification^[@bib36],[@bib37],[@bib38],[@bib39],[@bib40]^ and therefore, the 5′ end of mature products generated from the 5′ arm of shRNA should faithfully indicate the original transcription initiation site. It is interesting that, judging from the predominant mature products generated from the 5′ arm of sh1005, the initiation site of transcription for sh1005 is at the --1 (A) position, not the generally accepted +1 (G) position for the mouse U6 promoter (**[Figure 1a](#fig1){ref-type="fig"}**,**[d](#fig1){ref-type="fig"}**). The single-nucleotide shift of the sh1005 transcription initiation site extended the stem by 1 bp (**[Figure 1a](#fig1){ref-type="fig"}**, lower panel). Since Dicer measures 21--22 nt from the 5′ end of the transcript and performs a cleavage to generate the mature siRNA duplex,^[@bib21],[@bib22]^ this extension may have caused a shift in the Dicer cleavage site and thus may explain why the mature siRNA sequence is not the presumed one. However, it appears that variability of transcription initiation might be a common problem in using the U6 promoter to express small RNAs. A recent report in which the U6 promoter was used to express miR-30 also showed that the initiation site is not precise and that the actual dominant mature product generated is not miR-30 (69% of the reads were 3 nt shorter at the 5′ end).^[@bib41]^ The precision of the initiation site is critical for expressing shRNA or miRNA mimics to generate the desired mature sequences. Thus, we wanted to determine the exact initiation site of the U6 promoter. We first randomly selected seven shRNAs available in the laboratory, transfected them into 293FT, and sequenced the small RNAs. The results showed that the initiation site was not always at the +1 (G) position and that it followed a pattern: if the --1 position is an A, the initiation site is at --1, whereas if the --1 position is a T, the initiation site is at +1 (G, **[Figure 1e](#fig1){ref-type="fig"}**). This pattern is reminiscent of the native mouse U6 sequence, which has the sequence GTTT upstream of the +1 (G) position (**[Figure 1d](#fig1){ref-type="fig"}**). Thus, it appears that if the --1 position happens to be a T, as in the native U6 promoter, the initiation site will be at +1 (G). If the --1 position is changed to A, the initiation site will be changed to the --1 position, suggesting that the nucleotides upstream of the initiation sites can affect transcription initiation.

Transcription initiation is affected by the sequence around the initiation site
-------------------------------------------------------------------------------

To understand how the surrounding sequence affects U6 promoter initiation site selection, we systematically investigated the effect of nucleotide alterations around the +1 position on the transcription initiation of sh1005 by inserting different nucleotides upstream, as shown in **[Figure 2a](#fig2){ref-type="fig"}**. The constructs were transfected into 293FT cells separately, and small RNA products were sequenced to determine the initiation site. Transcription initiation site selection appeared to follow a simple rule: transcription starts from the first A or G beginning at the --1 position (**[Figure 2a](#fig2){ref-type="fig"}**). It appears that transcription can also start from the first C, but with much less efficiency (**[Table 1](#tbl1){ref-type="table"}**). According to read abundances, transcription efficiency appears to decrease if A/G occurs at, or downstream of, the +3 position (**[Table 1](#tbl1){ref-type="table"}**). To confirm the effect of a change in initiation site on transcription efficiency, we measured the functionality of shRNAs, which decreased significantly if the initiation site was at the +3 position, as is the case for shR-nccr5-TTT, -TTTA, or -TTC, and the functionality was reduced further if the initiation site was at the +4 position (shR-nccr5-TTTT; **[Figure 2b](#fig2){ref-type="fig"}**). The results appear to be consistent with small RNA cloning data, suggesting that transcription efficiency appears to decrease if initiation begins at the +3 position or further downstream.

In previous experiments, we relied on mature shRNA products to determine transcription initiation sites. Loading of the mature shRNA sequence into the RNA-induced silencing complex might introduce bias because of the strong sequence preference of the process. Thus, we designed a series of constructs expressing a small RNA (GAUAAUUUGUGGUAGUGGUU) with different sequences around position +1. The small RNA is \~21 nt in length, so we could sequence it with our regular small RNA sequencing method. The constructs were transfected into 293FT cells separately, and the small RNAs were sequenced. The results were consistent with the experiments done with sh1005. Transcription did not start until there was an A or G, and the initiating A or G had to be within the range of positions --1 to +2 for efficient transcription (**[Figure 2c](#fig2){ref-type="fig"}** and **Supplementary Figure S2**). We were not able to sequence many reads for any of the constructs in which A or G was at the +3 or +4 positions, suggesting that the number of transcripts decreased if the A or G was at, or downstream of, position +3 (**[Figure 2c](#fig2){ref-type="fig"}** and **Supplementary Figure S2**).

Thus, sequence changes around the putative initiation site, ranging from positions --1 to +4, can affect transcription initiation. To understand how the sequence upstream of the −1 site affects transcription initiation, the T at positions --2 and --3 was changed to G by point mutation (shR1005-GG and shR-1005-GGG; **[Figure 2d](#fig2){ref-type="fig"}**). Compared with shR1005-G (**[Figure 2a](#fig2){ref-type="fig"}**), the transcription initiation of shR1005-GG and shR1005-GGG started at multiple sites (**[Figure 2d](#fig2){ref-type="fig"}**). We further deleted the Ts at positions --1, --2, and --3 (**[Figure 2d](#fig2){ref-type="fig"}**). Compared with sh1005-T (**[Figure 2a](#fig2){ref-type="fig"}**) and sh1005 dT, in which the transcription initiation is precise, the transcription of sh1005 dTT and sh1005 dTTT started at multiple sites (**[Figure 2d](#fig2){ref-type="fig"}** and **[Table 2](#tbl2){ref-type="table"}**). These data suggest that the sequence immediately upstream of the --1 site can affect initiation, and two continuous Ts immediately upstream of the --1 site are required for accurate initiation of mouse U6-driven small RNA expression. Thus, the sequence immediately upstream of the --1 site affects transcription initiation by the mouse U6 promoter.

In summary, we identified a new region in the mouse U6 promoter---the sequence around the putative initiation site ranging from position --3 to +4---that affects the precision and efficiency of transcription initiation. Our results suggest the following guidelines for using the mouse U6 promoter to generate the desired small RNA sequence: the initiation nucleotide can be either A or G, and it should be within the range of positions --1 to +2. It is also critical to maintain the sequence immediately upstream of the initiation site, especially a continuous sequence of Ts, and avoid inserting A, G, or even C upstream of the desired initiation site.

Applying the new guidelines to improve the design of shRNA and gRNA
-------------------------------------------------------------------

The starting nucleotide for natural miRNAs or potent siRNAs is often U or A, which is not easy to convert into shRNAs driven by the U6 promoter, at least according to the previously held concept. With our findings on the mouse U6 promoter initiation site, it should be easy to design shRNA or miRNA mimics starting with nucleotide A. To test this, we designed two shRNAs mimicking miR-451 and miR-31, both starting with nucleotide A, and both were highly potent in repressing targets (**[Figure 3a](#fig3){ref-type="fig"}**). To confirm that the miRNA mimics were processed as predicted, both constructs were transfected into 293FT cells, and the small RNAs were sequenced. The mature products were exactly the same as for the miRNAs (**[Figure 3a](#fig3){ref-type="fig"}**). Thus, improved knowledge of the U6 promoter enables the design of shRNA or miRNA mimics starting with nucleotide A, and the desired sequence can be generated as designed.

Because it can knock out any gene with ease, the recently developed genome-editing technology, based on the CRISPR-Cas system, promises to revolutionize the biomedical research field as much or more than RNAi. However, the target-site selection is limited by the requirements that NGG should be the sequence downstream of the target site and that the initiation site must be G if the U6 promoter is used to transcribe the gRNA. Now, with our new finding about U6 initiation site selection, we can choose target sites starting with either A or G, which doubles the number of possible target sites. Four gRNAs targeting the *CCR5* gene were chosen, two of them initiated with A and two initiated with G, to test gene-knockout efficiency. The gRNA constructs targeting CCR5 were cotransfected with a Cas9-expressing plasmid into TZM-bl cells. Knockout efficiency was determined by flow cytometry 72 hours later, and all gRNAs were found to be functional (**[Figure 3b](#fig3){ref-type="fig"}**). It is noteworthy that the gRNA4 construct with the highest functionality is actually initiated with A (**[Figure 3b](#fig3){ref-type="fig"}** and **Supplementary Table S3**). Thus, improved knowledge of the U6 promoter doubles the number of choices of target sites for CRISPR-Cas system--mediated genome-editing technology.

Transcription of other pol III promoters
----------------------------------------

Until this point, all experiments were based on the mouse U6 promoter. Next, we checked the transcription initiation site of two different pol III promoters. V45 pHIPPY PGL3 luciferase is a plasmid using the human U6 and H1 promoters to drive transcription of two small RNAs of \~22 nt in length from opposite directions to generate an siRNA duplex targeting the luciferase gene.^[@bib42]^ We sequenced the resulting small RNAs to determine the initiation sites for these promoters. As shown in **[Figure 4a](#fig4){ref-type="fig"}**, the putative initiation sites for both promoters were not correct, as the transcripts actually started from multiple sites. The reason for this variability might be that the sequences upstream of the initiation sites in this construct were altered to accommodate the restriction enzyme site and termination signals (TTTTT) for both promoters (**[Figure 4a](#fig4){ref-type="fig"}**). This possibility would be consistent with our previous conclusion that the sequence immediately upstream of the initiation site contributes to the accuracy of initiation. To confirm this hypothesis, we sequenced small RNAs generated from several shRNAs expressed by the human U6 promoter (pLKO.1 vector) in which the sequence upstream of the initiation site was kept unaltered. As shown in **Supplementary Figure S3a**, the initiation site for these shRNAs was precisely where predicted, suggesting that maintaining intact the sequence upstream of the initiation site is critical for the precision of initiation of the human U6 promoter, just like what we show for mouse U6 promoter (**[Figure 2](#fig2){ref-type="fig"}**). We also sequenced small RNAs generated from several shRNAs driven by the H1 promoter (pSUPER vector) in which the sequences upstream of the initiation sites were altered. As shown in **[Figure 4b](#fig4){ref-type="fig"}**, transcription started from multiple sites in all cases. However, after we corrected the mutated upstream sequence by point mutation, the transcription still started from multiple sites (**[Figure 4c](#fig4){ref-type="fig"}**). Thus, it appears that transcription driven by the H1 promoter is generally variable, which results in inaccuracy at the 5′ end of the transcripts. It is noteworthy that the transcription initiation constantly started at multiple sites ranging from −3 to +1 position (**[Figure 4a](#fig4){ref-type="fig"}**--**[c](#fig4){ref-type="fig"}**).

Discussion
==========

It has been commonly accepted that transcription from the U6 promoter starts at the +1 position (23 nt downstream of the TATA box), with G as the preferred initiation nucleotide. In this study, we systematically investigated transcription initiation of the mouse U6 promoter and identified a new region, the sequence around the putative initiation site ranging from position --3 to +4, which affects transcription initiation accuracy and the efficiency of the U6 promoter. Transcription can start with A or G, ranging from the --1 to the +2 positions. This new knowledge provides general guidelines for using the U6 promoter to express small RNAs such as siRNAs/shRNAs and gRNAs for CRISPR.

A previous study showed that the transcription initiation of a yeast tRNA promoter prefers purine (both A and G).^[@bib43]^ Our study also showed that the transcription initiation of U6 promoter prefers purine, suggesting that the preference for purine as the initiation nucleotide might be a conserved phenomenon across species. However, for some other pol III promoters, such as H1, the transcription can start with pyrimidine (**[Figure 4](#fig4){ref-type="fig"}**), suggesting that preference for purine as the initiation nucleotide might not be a universal rule for pol III promoters.

Our study also showed that the sequences around the putative initiation site in the U6 promoter are important for precision of transcription initiation; however, the sequences are commonly altered to accommodate a restriction enzyme recognition sequence in order to simplify the cloning procedure, because their effect on transcription initiation was not known previously. In fact, when we checked the sequence upstream of the initiation site in commercially available vectors that use the U6 promoter to express small RNAs, we found that, in all cases, the sequence upstream of the initiation site had been changed (see **Supplementary Figure S3b**). Such changes are likely to result in inaccuracy of the 5′ end of transcripts. In addition, we showed that transcription initiation using another commonly used promoter, H1, which has been used in several commercially available vectors (see **Supplementary Figure S4**), is generally variable (**[Figure 4](#fig4){ref-type="fig"}**). Thus, inaccuracy of the 5′ end of transcripts driven by the pol III promoter might be a common problem. In addition to yielding small RNA products that are not the desired sequences, thus affecting on-target functionality, such inaccuracy is also likely to increase off-target effects caused by undesired small RNA products. Thus, our study provides guidelines for using the pol III promoter to transcribe accurately, which might increase on-target functionality and minimize off-target effects. Although the sequence upstream of the putative initiation site in commercially available vectors was modified, the sequence in some freely available vectors, such as pLL3.7, pLB, and pLKO.1, which can be easily obtained from Addgene, was not changed. These vectors can be used to express small RNAs precisely.

It appears that the initiation constantly starts from multiple sites ranging from −3 to +1 position for H1 promoter (**[Figure 4](#fig4){ref-type="fig"}**). The information might be used to increase the chance to design potent shRNAs. Currently, it is still impossible to predict the potency of shRNA. By purposely using H1 promoter to generate shRNA transcripts with different 5′ ends from a single construct, which will be processed by Dicer into distinct siRNA duplexes because Dicer can make a cleavage by measuring the distance from the 5′ ends,^[@bib22]^ the chances of getting a potent shRNA will be significantly increased since one nucleotide change might change the potency dramatically, although the off-targets might also be increased due to multiple mature siRNAs might be generated.

It has been commonly accepted that the termination signal for pol III promoter-driven transcription is a simple four to six-residue poly-T,^[@bib44]^ which is currently used as the terminal signal for almost all small RNA expression cassettes driven by the pol III promoter. However, we found that poly-T might not be an efficient termination signal. miR-155, which has five continuous Ts in the middle of its pri-miRNA, can be efficiently expressed using the U6 promoter, as abundant mature miR-155 can be cloned at a level similar to miR-223, which does not have a poly-T signal in the middle of its pri-miRNA sequence (see **Supplementary Figure S5**). This finding suggests that the poly-T signal in miR-155 does not terminate transcription efficiently at this site and is consistent with a recent report in which Nielson *et al*.^[@bib45]^ found that the poly-T signal does not cause termination by itself but rather causes a pause by Pol III, and termination requires an additional signal from the RNA secondary structure. Thus, the currently accepted concept of pol III promoter-driven transcription initiation and termination is incomplete, which often results in expression of small RNAs from these promoters that do not have the designed sequence.

It is surprising that no systematic studies have been done to provide guidelines on how to use pol III promoters appropriately, although these promoters have been commonly used to express siRNA and shRNA since 2002. In most cases, the pol III product sequence is assumed based on current concepts of Pol III transcription initiation. Very few studies have validated the exact sequence experimentally by sequencing. As our study shows, the exact mature product of sh1005, which has been approved for a clinical trial, is not the presumed sequence, and transcription does not initiate from the presumed initiation site (**[Figure 1a](#fig1){ref-type="fig"}**). A recent report in which U6 promoter was used to express miR-30 also showed that the initiation site is not precise.^[@bib41]^ Thus, a significant number of previous studies those used pol III promoter to express small RNAs will need to be revisited, because the putative small RNA sequences expressed might actually be incorrect.

Materials and methods
=====================

*Plasmids.* All the small RNA constructs were designed as oligos and inserted into pLL3.7 at restriction sites *Hpa*I and *Xho*I. The inserted sequences are listed in **Supplementary Table S3**. V45 pHIPPY PGL3 luciferase, shRNA constructs driven by the human U6 promoter (pLKO.1), and the human H1 promoter (pSUPER vector) were obtained from Addgene.

*Dual luciferase assay.* 293FT cells (Invitrogen, Carlsbad, CA) were cultured according to the manufacturer\'s instructions. The day before transfection, 293FT cells were trypsinized and diluted to 10^5^ cells/ml and seeded in 96-well plates in a volume of 100 µl/well. shRNA construct (0.1 µg) and psiCHECK2 harboring the target sequence (0.1 µg) were cotransfected into 293FT cells with lipofectamine 2000 per the manufacturer\'s instructions. The Dual-Glo luciferase assay (Promega, Madison, MI) was performed 24 hours later.

*Small RNA sequencing.* Small RNA libraries were constructed and sequenced in a similar manner as described previously^[@bib46],[@bib47]^ but with major modifications to improve adaptor ligation efficiency and thereby reduce ligation bias. The same method has been used in our recent study.^[@bib36]^ A manuscript describing the detailed methods is in preparation. Briefly, 28 hours after the constructs were transfected into 293FT cells, the small RNAs were purified with the miRNeasy kit (Qiagen, Valencia, CA) per the manufacturer\'s instructions. Small RNA (50 ng) was ligated with 3′ and 5′ linkers (with barcode) using an improved ligation method that was optimized comprehensively to minimize the ligation bias between different small RNAs. The ligated small RNAs were reverse transcribed and amplified with the KAPA library amplification kit (KAPA Biosystems, Woburn, MA) for 10 cycles, and the library sequenced using the Illumina HiSeq2000, San Diego, CA. All reads that were sequenced only once were discarded to lower the noise level. The sequenced small RNAs are included in **Supplementary Table S1**.

*Flow cytometry analysis of CCR5 expression.* Seventy-two hours after transfection of the constructs into TZM-bl cells (with lipofectamine 2000 per the manufacturer\'s instructions), the cells were detached and stained with CCR5 antibody conjugated with APC (BD Pharmingen, San Jose, CA) and subjected to flow cytometry analysis. The pLL3.7 vector used to express small RNAs has a green fluorescent protein marker, which can serve as a marker for cells that are transfected; thus, green fluorescent protein--positive cells were gated by their expression of CCR5 and analyzed.

*Statistical analysis.* Student\'s *t*-test (two-tailed, assuming equal variances on all experimental data sets) was used to compare two groups of independent samples.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figrue S1.** The processing of miRNA-based shRNAs. **Figure S2.** The small RNAs generated from the constructs in [Figure 2c](#fig2){ref-type="fig"}. **Figure S3.** Human U6 promoter. **Figure S4.** Commercially available vectors using the H1 promoter. **Figure S5.** The mature miRNAs generated from the indicated pri-miRNAs. **Table S1.** Small RNAs generated from various constructs. **Table S2.** Simplified data from **Supplementary Table S1**. **Table S3.** The oligo sequences that were inserted into pLL3.7 vectors.
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![Transcription from the U6 promoter does not necessarily start from the +1 (G) position. (**a**) sh1005 was transfected into 293FT cells, and small RNAs were analyzed by deep sequencing. Representative reads of sequenced small RNAs are shown (all small RNAs sequenced for sh1005 can be found in **Supplementary Tables S2** and **S3**). "X" indicates the positions at which these reads might end. The putative initiation site of transcription is boxed, and the real initiation site is marked in red. The Dicer cleavage site of the presumed mature sequences (NCCR5) and the real mature sequences (WCCR5) are indicated by arrows. (**b**) CCR5 knockdown efficiency of shRNAs in TZM-bl cells. TZM-bl cells were transfected with shRNAs and analyzed for CCR5 expression by flow cytometry 72 hours later. The bar graph on the right represents averages (±SD) of triplicates. MFI, mean fluorescence intensity. (**c**) The functionality of sh1005 and its miRNA-based shRNA counterpart was tested with the dual-luciferase assay, which was performed 24 hours after cotransfection of shRNAs with a pCHECK2 vector containing a 2x repeat of a sequence in the 3′ UTR that is fully complementary to the target sequence. The ratio of *Renilla* luciferase (Rluc, reporter) to firefly luciferase (Fluc, internal control) normalized to the negative control (mock vector) is shown. Error bar, 1 SD (**d**) Comparison of the initiation site of the natural mouse U6 small RNA with that of sh1005. (**e**) The transcription initiation site for seven randomly selected shRNAs was determined by analyzing the small RNAs after transfection. The initiation site is determined according to the 5′ end of the predominant sequenced small RNAs generated from 5′ arm of shRNA. All sequenced small RNAs can be found in **Supplementary Tables S1** and **S2**. UTR, untranslated region.](mtna201412f1){#fig1}

![Analysis of the transcription initiation site driven by the U6 promoter. (**a**) The transcription initiation site for sh1005 serial mutations. The predominant sequenced small RNAs can be found in **[Table 1](#tbl1){ref-type="table"}**. Lowercase letters indicate the nucleotides replacing the A at the --1 position of sh1005. The presumed initiation site of transcription is boxed, and the real initiation site is marked red. The original sh1005 is marked bold. (**b**) The functionality of sh1005 serial mutations. The dual-luciferase assay was performed as in **[Figure 1c](#fig1){ref-type="fig"}**. (**c**) The transcription initiation site for small RNAs (\~21 nt in length) in which the nucleotides around the initiation site are different. Lowercase letters indicate nucleotides inserted between the --2 position of the U6 promoter and the universal sequence GATAATTTGTGGTAGTGGTT. Asterisks indicates constructs for which an insufficient number of reads were sequenced to determine the exact initiation site. The predominant small RNAs can be found in **Supplementary Figure S2b**. (**d**) The sequence immediately upstream of the --1 site affects transcription initiation. The initiation sites of the indicated sh1005 mutations with altered sequences immediately upstream of the --1 site are marked red. The predominant sequenced small RNAs can be found in **[Table 2](#tbl2){ref-type="table"}**.](mtna201412f2){#fig2}

![Applying the new finding to the design of miRNA mimics and gRNAs starting with A. (**a**) The functionality of miR-451 and miR-31 mimics (left) was tested as in **[Figure 1c](#fig1){ref-type="fig"}**. The predominant mature products generated from these two mimics are shown. All small RNAs sequenced can be found in **Supplementary Tables S1** and **S2**. The mature miRNA sequences designated in miRBase are shown as uppercase letters. (**b**) The knockout efficiency of gRNAs starting with A or G, with zinc finger nuclease (ZFN) serving as the positive control. TZM-bl cells were cotransfected with gRNA constructs and Cas9-expressing plasmid and analyzed for CCR5 expression by flow cytometry 72 hours later. The bar graph on the right represents the averages (±SD) of triplicates. gRNA, guide RNA.](mtna201412f3){#fig3}

![The transcription driven by the H1 promoter is generally variable. (**a**) Small RNAs generated from V45 pHIPPY PGL3-transfected cells. The putative siRNA sequences are underlined. The dotted line indicates the presumed initiation site, and bold letters represent the mutated sequence. (**b**) The initiation site of shRNAs driven by the human H1 promoter with an altered sequence upstream of the initiation site. (**c**) The initiation site of the shRNAs from **[Figure 4b](#fig4){ref-type="fig"}** with the original H1 promoter. shRNA, short hairpin RNA; siRNA, small interfering RNA.](mtna201412f4){#fig4}

###### Representative small RNA reads cloned from sh1005 serial mutations in **[Figure 2a](#fig2){ref-type="fig"}**
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###### Representative small RNA reads cloned from sh1005 serial mutations in **[Figure 2d](#fig2){ref-type="fig"}**
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